Genetic and environmental influences on cortical thickness (CT) and surface area (SA) are thought to vary in a complex and dynamic way across the lifespan. It has been established that CT and SA are genetically distinct in older children, adolescents, and adults, and that heritability varies across cortical regions. Very little, however, is known about how genetic and environmental factors influence infant CT and SA. Using structural MRI, we performed the first assessment of genetic and environmental influences on normal variation of SA and CT in 360 twin neonates.
| INTRODUCTION
Individual variations in cortical thickness and surface area are associated with complex psychiatric and neurodevelopmental conditions, intellectual ability, and aging (Janssen et al., 2014; Long et al., 2012; Shaw et al., 2006; Wolosin, Richardson, Hennessey, Denckla, & Mostofsky, 2009 ). Current evidence suggests CT and SA are independent phenotypes with strong, but distinct genetic underpinnings. Twin and family studies have revealed that overall total SA and average CT are highly heritable in adults, with genetic factors accounting for up to 89 and 81% of the total phenotypic variance respectively (Panizzon et al., 2009; Winkler et al., 2010) . Regionally, heritability measures are found to vary significantly across the cortex, ranging from 17 to 76%
for SA and from 6 to 73% for CT, after correcting for global measures (Winkler et al., 2010) . These studies also reveal small and nonsignificant genetic correlations between CT and SA, suggesting that both phenotypes are driven by different sets of genetic factors. It has often been assumed that genetic independence in CT and SA reflects different cellular and neural processes occurring during fetal brain development. At present, however, the majority of heritability research has been performed in children, adolescents, and adults and there are no investigations that directly focus on genetic contributions to CT and SA during this foundational period of cortical development.
To better address the genetic underpinnings of CT and SA and their potential neurodevelopmental origins, it is critical to evaluate these cortical measures during prenatal and early postnatal periods.
According to the radial unit hypothesis and the supragranular layer expansion hypothesis, surface area is primarily driven by the number of cortical columns generated during the early embryonic period and cortical thickness is determined by the number and size of cells within a column, packing density, as well as the number of neuronal processes, glial processes, and synapses arising primarily during the fetal and perinatal periods (Rakic, 1995 (Rakic, , 2009 ). Additionally, CT and SA development are also regulated by outer radial glial cells which play a critical role in the radial and tangential expansion of the topmost layers of the cortex (Nowakowski, Pollen, Sandoval-Espinosa, & Kriegstein 2016) . These developmental processes are associated with dynamic patterns of gene expression. Indeed, during the prenatal period, the majority of brain-expressed genes show strong temporal changes (Kang et al., 2011 ) and large regional differences in expression (Pletikos et al., 2014) . During the early postnatal period, there is a shift in temporal and spatial gradients resulting in relatively stable levels of gene expression over time and minimal regional differences across the cortex. In adolescence, interareal differences in gene expression reemerge across the cortex (Kang et al., 2011; Pletikos et al., 2014; Silbereis, Pochareddy, Zhu, Li, & Sestan, 2016) and temporal gradients shift from being moderate to extremely rare by adulthood. Together, these findings suggest that genetic influences on cortical features are not set during the fetal period but are extremely dynamic across the lifespan; thus, heritability estimates for both CT and SA are likely to vary across different periods of development.
Moreover, twin studies of CT and SA during infancy may capture ongoing neurodevelopmental processes that are very different from those underlying heritability estimates in adults. During the neonatal period, the cortical surface expands 0.51% and the cortical mantle grows 0.09% per day . Dramatic growth of the cortex continues into the first 2 years with CT and SA reaching 97 and 64%
of adult values, respectively (Lyall et al., 2015) . In contrast, growth rates of CT and SA are relatively modest during childhood and adolescence (Gilmore, Knickmeyer, & Gao, 2018; Raznahan et al., 2011) .
Specifically, CT decreases linearly after the first 2 years and SA expands into late childhood but gradually declines thereafter. In addition to rapid CT and SA growth, our neuroimaging timepoint also captures the completion of primary gyrification and the beginning of primary myelination. Large-scale transformations in cortical morphology that begin prenatally (Budday, Steinmann, & Kuhl, 2015; Kochunov et al., 2010) result in well-developed primary sulci and gyri by term birth (Hill et al., 2010) . As cortical folds emerge, there is also rapid organization and myelination of white matter fiber bundles, peaking in the first year of life and leading to enhanced neuronal signaling (Dubois et al., 2014) . Both primary gyrification and myelination contribute to early cortical development and likely influence the developmental trajectories of neonatal CT and SA.
Genes expressed at high levels during early fetal development are likely involved in neurogenesis, proliferation, and migration of neuronal cell types and genes expressed at high levels during late fetal and early postnatal development likely reflect neuronal and glial differentiation and the robust growth of dendrites and synapses (Stiles & Jernigan, 2010) . These genes may be the primary drivers of rapid growth and variation in neonatal CT and SA. Genes driving CT and SA during later periods may be critical to processes of synaptic transmission and refinement, cell-cell signaling, and neurodegeneration (Pletikos et al., 2014) . Interestingly, our recent genome-wide association study (GWAS) of neonatal neuroimaging phenotypes suggests that genetic determinants of neonatal brain volumes are highly distinct from those identified in imaging genetic studies in adolescents and adults (Xia et al., 2017) . Thus, investigating genetic influences during this period will be crucial to our continued understanding of typical brain development and provide a deeper understanding of the heritability of rapidly growing cortical features like CT and SA.
In this article, we report findings from the first twin study of cortical thickness and surface area during infancy. We examine the genetic, shared environmental, and unique environmental contributions to individual differences in neonatal CT and SA using both global CT and SA as well as CT and SA measures in 78 cortical regions. We also assess genetic correlations among regions of interest (ROIs) for CT and SA measures to identify regions with shared genetic architecture. Based on the radial unit hypothesis, we predict that CT and SA will have independent genetic origins. Moreover, given the dynamic patterns of gene expression and interareal differences within the prenatal and early postnatal period, we hypothesize that heritability estimates will be highly distinct across the cortex. Outcomes from this study fill a critical gap in our understanding of how genetic influences shape cortical structure during early development and provide key insight for future imaging genetic studies of cortical structure.
| MATERIALS AND METHODS

| Subjects
This study included 234 dizygotic and 126 monozygotic twins between the ages of 9 and 92 postnatal days, drawn from the UNC Early Brain Development Study (Gilmore et al., 2010; Knickmeyer et al., 2008 Knickmeyer et al., , 2016 . Mothers with twin pregnancies were recruited during the second trimester of pregnancy from outpatient OB-GYN clinics in central North Carolina. Exclusion criteria included major medical illnesses in the mother or abnormal fetal ultrasounds. Zygosity was determined by polymerase chain reaction-short tandem repeat (PCR-STR) analysis of 14 loci on DNA extracted from buccal cells (BRT Laboratories, Baltimore, MD). Detailed subject demographics can be viewed in Table 1 . After complete description of the study to subjects' parent(s), written informed consent was obtained. Study protocols were approved by the Institutional Review Board of the UNC School of Medicine.
| Image acquisition
All MRI images were collected at UNC's Biomedical Research Imaging Center using a Siemens Allegra head-only 3 T scanner (N = 295) or a Siemens TIM Trio 3 T scanner (N = 65) (Siemens Medical System, Inc., Erlangen, Germany). Infants were scanned at 37.5 AE 17.1 days post birth on average. All neonate subjects were fitted with earplugs, secured into a vacuum-fixed immobilization device, and scanned during unsedated natural sleep. Heart rate and oxygen saturation were monitored using a pulse oximeter. On the Allegra scanner, proton density and T2 weighted structural images were acquired using a turbospin echo sequence (TSE, TR = 6,200 ms, TE1 = 20 ms, TE2 = 119   ms, flip angle = 150 , spatial resolution = 1.25 mm × 1.25 mm × 1.95 mm, sequence name = Type1, N = 118). For neonates who were deemed unlikely to sleep through the scan session, a "fast" turbo-spin echo sequence was collected using a decreased TR, a smaller image matrix, and fewer slices (TSE, TR Table S1 . Images deemed unusable due to extreme levels of motion were excluded in this analysis.
| Image analysis
Cortical thickness and surface area measures were derived for all subjects using an image analysis pipeline previously described by Li et al. (2016) . First, all T2-weighted images were preprocessed for tissue segmentation using a standard infant-specific pipeline (Li et al., 2013) . This included skull stripping and manual editing of non-brain tissue, removal of the cerebellum and brain stem, corrections for intensity inhomogeneity, and finally, a rigid alignment of all the images into an average atlas space (Shi et al., 2011) . Thereafter, an infantspecific path-driven coupled level sets method (described in Wang et al., 2014) was applied to segment gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). Non-cortical regions were masked, and tissues were divided into left and right hemispheres. A deformable surface method (Li et al., 2012 was then applied to the tissue segmentations to reconstruct the inner, middle, and outer cortical surfaces. The inner surface was defined as the boundary between gray and white matter and the outer surface was defined as the boundary between the gray matter and CSF. A third, middle cortical surface, was defined as the layer lying in the geometric center of the inner and outer surfaces of the cortex. The deformable surface method involved a topological correction of the WM to ensure spherical topology, a tessellation of the corrected WM to generate a triangular mesh, and the deformation of the inner mesh toward the reconstruction of each inner, middle, and outer surface. All cortical surfaces for the left and right hemisphere were visually examined for accurate mapping. In order to generate a regional parcellation, all inner cortical surfaces were smoothed, inflated, and mapped to the unit sphere (Fischl, Sereno, & Dale, 1999) . The cortical surfaces were parcellated into 78 regions of interest based on an infantadapted 90 region parcellation atlas (Gilmore et al., 2012; TzourioMazoyer et al., 2002 
| Statistical analysis
All statistical analyses were performed in R using OpenMx, a matrixbased structural equation modeling package (Boker et al., 2011; Neale & Cardon, 1992) . Bivariate Cholesky decomposition models were used to identify common genetic and environmental determinants between global CT, SA, and ICV, between regional CT measures, and between regional SA measures. The Cholesky decomposition model allows for the covariance between two phenotypes to be segregated into covariance resulting from either genetic or environmental sources (Neale & Cardon, 1992) . Genetic and environmental covariance matrices were standardized to calculate the genetic and environmental correlations between phenotypes. The genetic correlation represents an estimate of the shared additive genetic effects between two phenotypes.
In both univariate and bivariate analyses, models for regional and total average CT were adjusted for birth weight, gestational age at birth, age at MRI, sex, paternal education, and maternal ethnicity.
Models for regional SA were adjusted for birth weight, age at MRI and sex. The model for total SA was adjusted for birth weight, gestational age at birth, age at MRI, and sex. Covariates were chosen based on output from variable selection and linear mixed effects model results for CT and SA in a large sample of neonates . To account for overall brain size, total surface area was fixed for all regional surface area models and the cubed root of intracranial volume (a sum of gray matter, white matter, and cerebrospinal fluid) was fixed in the models for average and regional cortical thickness. As a sensitivity analysis, univariate variance decomposition and bivariate Cholesky decomposition models were also run without adjusting for overall brain size. A sensitivity analysis was also performed controlling for traditional variables used in adult studies:
scan parameters, brain size, age at MRI, and sex. In order to evaluate for potential confounds due to heteroscesdacity in ROI variance (e.g., changes in heritability of cortical thickness with age or sex), we repeated our ACE models with additional parameters allowing for variance components to vary with our covariates (Purcell, 2002; Wallace et al., 2006) . For all regional analyses of CT and SA, adjustments for multiple comparisons were made using false discovery rate (Benjamini & Hochberg, 2000) . FDR less than 0.05 was considered significant for each region of interest.
| RESULTS
Cross-twin correlations for CT and SA are presented in Table 2 . In general, MZ twin pairs had increased correlations when compared with DZ twin pairs.
| Global CT and SA
Parameter estimates and tests of significance for global CT and SA are presented in Table 3 . Overall, shared environmental influences had small and nonsignificant impacts on global CT and SA variation. Total SA was highly heritable, with genetic influences accounting for a large portion of the observed variance (a 2 = 0.78, p < .001). For average CT, genetic influences accounted for a small (a 2 = 0.29, p > .05) and nonsignificant proportion of the phenotypic variance. The observed genetic correlation between average CT and total SA was strong and significant (rG = 0.65, p < .05, see Table 4 ). To understand the impact of overall brain size on CT and SA, we also examined the heritability of intracranial volume (ICV). Genetic influences on ICV accounted for a significantly large amount of the total phenotypic variance (a 2 = 0.60, p < .001). Significantly high genetic correlations were found between ICV and total SA (rG = 0.98, p < .001) and between ICV and overall average CT (rG = 0.64, p < .05). Phenotypic (rP), common environmental (rC), and unique environmental (rE) correlations for global measures can be found in Table 4 .
| Regional CT and SA
Parameter estimates for regional CT and SA are presented in Figure 1 and provided with tests of significance in Tables 5 and 6 . The p-value and q-value thresholds were set at p < .05. For CT, regional heritability estimates ranged from <0.01 to 0.52 with significant genetic effects in 9 of the 78 regions. After correcting for multiple comparisons, one region remained significant (right insula, see Table 5 ). Genetic correlations of regional CT ranged from −1.00 to 1.00 (Figure 2a) , with 83 significant relationships. No significant correlations were found across regions after correcting for multiple comparisons. Heritability estimates for regional SA ranged from <0.01 to 0.76 with significant genetic influences in 28 of the 78 regions. Of these, genetic influences remained significant in 7 regions after a correction for multiple comparisons (left inferior orbitofrontal cortex, left and right insula, left and right precuneus, right supramarginal gyrus, and right inferior temporal gyrus, see Table 6 ). Genetic correlations of regional SA also ranged from −1.00 to 1.00 ( Figure 2b 
| Secondary analyses
In a secondary analysis, genetic influences on CT and SA were examined without adjusting for overall brain size (Figure 4 ). For regional CT, heritability estimates ranged from <0.01 to 0.56 and were significant in 13 of the 78 ROIs. Two significant genetic influences remained after FDR correction (left and right insula, see Supporting Information Table S2 ). For regional SA, heritability estimates ranged from <0.01 to 0.83 and were significant in 65 of the 78 ROIs. After correction for Figure 5 ). We observed significant genetic and common environmental influences on total SA (0.30 and 0.62, respectively) and on ICV (0.38 and 0.52, respectively). There were no significant genetic or common environmental influences on CT (Supporting Information Table S4 ). Genetic correlations were 0.65 between CT and SA, 0.97 between total SA and ICV, and 0.69 between average CT and ICV (Supporting Information Table S5 ). For regional CT, heritability estimates ranged from <0.01 to 0.57 and were significant in 11 of the 78 ROIs (Supporting Information Table S6 ). One significant genetic influence remained after FDR correction (right insula).
For regional SA, heritability estimates ranged from <0.01 to 0.73 and were significant in 28 of the 78 ROIs (Supporting Information   Table S7 ). After correction for multiple comparisons, estimates were significant in the same 7 ROIs found in our primary analysis (left inferior orbitofrontal cortex, left and right insula, left and right precuneus, right supramarginal gyrus, and right inferior temporal gyrus). Genetic correlations for regional CT and regional SA ranged from −1.00 to 1.00 and one genetic relationship was significant for CT after FDR correction (left and right insula, rG = 0.92, Supporting Information Figures S3 and S4 ).
Additive genetic x covariate interactions were not statistically significant for the vast majority of ROI x covariate combinations and did not substantially alter our primary results.
| DISCUSSION
Utilizing a sample of 360 twin neonates, we performed the first quantitative genetic study of infant CT and SA. Our results revealed strong FIGURE 1 Genetic, common environmental, and unique environmental influences on neonatal (a) cortical thickness and (b) surface area for 78 cortical regions. Genetic influences are displayed in blue, common environmental influences are displayed in orange, and unique environmental influences are displayed in gray. Genetic influences are also projected onto the cortical surface. Subcortical regions are in gray and were not analyzed (Continues) genetic influences on total SA and significant genetic overlap between CT and SA. These findings provide a deeper understanding of CT and SA development and contribute critical insight into how genetic influences shape cortical structure across the human lifespan.
We found that genetic influences determine a significant portion of individual differences in neonatal total SA. Specifically, when controlling for important obstetric history variables, we observed a high heritability estimate of 0.78. During the early postnatal period, cortical SA expands dramatically, with 0.50% daily growth in the first month and average growth of 114% in the first 2 years (Lyall et al., 2015) . Genetic influences driving total SA during early development likely control the tangential expansion of the cortex by impacting symmetric divisions of ventricular radial glia during early neurogenesis and outer radial glia during late neurogenesis (Nowakowski et al., 2016; Rakic, 2009) . Genes involved in the development of sulci, gyri, and cortico-cortical connectivity may also impact individual differences in total SA observed in our study (Lewitus, Kelava, & Huttner, 2013) .
Interestingly, when controlling only for variables most often used in adult studies (age, sex, and scanning protocol) the heritability estimate remained significant but was greatly reduced. Compared with adult twin and family studies, which report high estimates of 0.89 and 0.71, respectively (Panizzon et al., 2009; Winkler et al., 2010) , genetic influences seem to play a significant but smaller role in explaining individual differences in total SA at birth. Moreover, while traditional adult studies report no effects of the common environment, we found that common environmental influences play a substantial role in explaining the variation observed in neonatal total SA. We note that significant influences of the common environment largely disappear when controlling for obstetric variables, suggesting that strong environmental influences are likely driven by the impacts of gestational age at birth and birth weight on neonatal brain structure. A recent study of the EBDS sample revealed that both gestational age at birth and birth weight are important predictors of neonatal total SA . Taken together, results from both analyses reveal that genetic influences are important determinants of neonatal SA but heritability estimates should be interpreted with caution as they may vary based on covariates.
In contrast to total SA, genetic influences did not explain a significant proportion of the variation observed in neonatal average CT. Moreover, the observed heritability in our neonatal sample (0.29) (Continues) was smaller compared with heritability estimates (0.81and 0.69) reported in adults (Panizzon et al., 2009; Winkler et al., 2010) . Imaging studies have revealed significant growth in CT in the neonatal period Lyall et al., 2015) and continuing in the first year of life (Remer et al., 2017) . Rapid thickening of the cortex peaks during this period and is followed by graduate linear decreases throughout childhood, adolescence, and adulthood (Ducharme et al., 2016; Wierenga, Langen, Oranje, & Durston, 2014) . We note that for CT, myelination of the underlying WM may be of particular importance as it affects tissue contrast at the WM/GM boundary. This may have important implications in terms of image processing (Walhovd, Fjell, Giedd, Dale, & Brown, 2017) and heritability outcomes. Additionally, adolescent and adult twin studies reveal significant genetic correlations between GM thickness and white matter connectivity (Kochunov et al., 2011; Shen et al., 2016) suggesting that heritability of neonatal CT may be related to genes driving neonatal WM.
In general, our findings suggest that genetic influences on average CT and total SA may increase between the neonatal period and adulthood. In adults, individual differences in average CT and total SA may be related to genes impacting the number and size of neurons, glia, and synaptic machinery (De Graaf-Peters & Hadders-Algra, 2006; Rakic, 2009 ) and pathways controlling processes of synaptic pruning, myelination, and aging (Stiles & Jernigan, 2010) . A potential increase in heritability for total SA and average CT between neonates and adults could also be interpreted as canalization (Gilmore et al., 2010; , the concept that heritability of a phenotype will increase as various genetic influences act over development under expected environmental conditions. To best understand how early postnatal genetic influences compare to genetic influences during later ages, heritability studies of total SA and average CT should be performed during late infancy, childhood, and early adolescence.
Our most remarkable and unexpected finding regarding total SA and average CT was the strong genetic overlap between these global measures. We found that the shared genetic effect between neonatal CT and total SA is high (rG = 0.65). Thus far, studies comparing CT and SA in adults have found little to no genetic associations between the two phenotypes (Panizzon et al., 2009; Winkler et al., 2010) .
Based on such reports, it has been suggested that CT and SA are driven by two distinct sets of genetic influences related to distinct developmental events during early prenatal life. In contrast to these Moreover, longitudinal studies of global cortical structure from infancy to adulthood will provide insight into the genetic association of CT and SA across the lifespan.
At the regional level, genetic influences accounted for <1 to 76% of variation in SA and <1% to 52% of the variation in CT across the cortex. In adult samples, Panizzon et al. (2009) found genetic influences ranging from 3 to 74% for regional SA and from 20 to 76% for regional CT and Winkler et al. (2010) found genetic influences ranging from 17 to 76% regional SA and from 6 to 73% for regional CT. When comparing our findings to these studies, we note that genetic influences during infancy explain a smaller percent of the total phenotypic variation in CT and SA. Moreover, while we observe considerable heterogeneity in regional heritability estimates, genetic influences remain largely nonsignificant in our sample. The exceptions are the heritability estimates for SA in the insular cortex and precuneus, which are similar to those found in adults and in the right supramarginal, right inferior temporal, and left inferior orbitofrontal gyri.
Furthermore, when examining heritability estimates across all 78 ROIs, we did not observe clear regional patterns based on structural, functional, or maturational organization. Nor did we observe meaningful patterns of regionalization when examining the genetic correlations among regions of CT and SA. Together, these results suggest that individual differences in CT and SA are likely driven by a common set of underlying genetic factors influencing cortical structure at the global level. This is in contrast to twin studies of regional CT in older populations which reveal that regional heritability estimates align with maturational patterns. Specifically, in early childhood, CT in primary sensory and motor regions is highly heritable and at older ages, heritability is higher in dorsal prefrontal and temporal lobes (Lenroot et al., 2009) . Moreover, twin studies of genetic regionalization in older adults have found up to 12 genetically similar clusters.
Genetic divisions of SA follow an anterior-posterior division with spatially contiguous regions being genetically correlated. Genetic divisions of CT follow a basic dorsal-ventral pattern and are driven by similarities of maturational timing (Chen et al., 2011 (Chen et al., , 2012 (Chen et al., , 2013 . Genetic, common environmental, and unique environmental influences for regional neonatal (a) cortical thickness and (b) surface area with adjustments for brain size, age, sex, and scanner parameters. Genetic influences are displayed in blue, common environmental influences are displayed in orange, and unique environmental influences are displayed in gray cortex. Additionally, while we observed both positive and negative genetic correlations, neither type clustered together in an exclusive manner when hierarchical clustering analyses were performed. Instead, both negative and positive genetic correlations were observed across and within all regions of the cortex. The general lack of significant regional genetic patterns in our sample is in keeping with studies of cortical gene expression which suggest that there are minimal interareal differences in gene expression across the cortex during infancy (Kang et al., 2011; Pletikos et al., 2014; Silbereis et al., 2016) . This period is characterized by general neuronal and glial proliferation transcriptional programs (Pletikos et al., 2014) that are involved in the construction and maturation of neuronal circuitry and are sensitive to experience and external inputs from the environment. Significant regional differences in genetic studies of CT and SA observed in studies of older populations are likely reflections of increasing interareal differences across the cortex during adolescence and adulthood (Pletikos et al., 2014) .
By performing the first twin study of infant CT and SA, we show genetics are important determinants of individual differences in neonatal cortical structure. Our findings provide important data points previously unavailable for the understanding of genetic contributions to CT and SA across the lifespan. Strengths of this study include a unique sample, extensive demographic data, and the application of cutting-edge infant image analysis methods. Limitations of this study are largely centered on the challenges of infant neuroimaging. While offering many unprecedented opportunities to study neurodevelopment, our pediatric population may be underpowered to detect significant shared environmental effects. Additionally, our use of predefined cortical regions may limit our ability to find genetic relationships across regions of the cortex, if those relationships do not adhere to classic anatomical boundaries. However, it should be noted that cortical parcellations based on genetic data do reveal genetic divisions that largely correspond to anatomical divisions similar to those used in the current study (Chen et al., 2012) . Future studies should focus on pursuing a non-biased approach of using vertex-based analysis to generate continuous maps of genetic influences on CT and SA. Moreover, results from our analysis are based on one infant dataset and may not be generalizable to other pediatric populations. However, because there are no genetic investigations of CT or SA in young typically developing infants, results from this study are highly informative.
Findings provide cortical regions to prioritize for future imaging genetic studies and valuable targets to better understand genetic processes that contribute to psychiatric and developmental disorders.
